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HIGHLIGHTS 


►  Cobalt  acetate  hydroxide  prisms  were  obtained  by  a  low  temperature  re-crystallization  process. 

►  Hollow  C03O4  boxes  were  obtained  by  calcining  cobalt  acetate  hydroxide  prisms  in  air. 

►  Hollow  C03O4  structures  exhibit  wonderful  capacitive  properties. 
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One-dimensional  (ID)  cobalt  acetate  hydroxide  (Co5(OH)2(CH3COO)8-2H20)  prisms  has  been  obtained 
through  a  low  temperature  re-crystallization  process  in  the  dissolvant  of  ethanol  and  then  transferred  to 
cobalt  oxide  by  calcining  in  the  air.  Cobalt  oxide  keeps  the  outside  configuration  of  the  1 D  cobalt  acetate 
hydroxide  but  turns  to  be  boxes  with  hollow  structure  inside  through  the  Kirkendall  effect.  The  precursor 
prisms  and  polycrystalline  boxes  both  have  length  of  about  3  pm,  width  of  300  nm  and  height  of  300  nm 
characterized  by  X-ray  powder  diffraction  (XRD),  scanning  electron  microscopy  (SEM)  and  transmission 
electron  microscopy  (TEM).  The  electrochemical  measurement  results  show  that  the  hollow  C03O4 
structures  exhibit  wonderful  capacitive  properties  with  high  capacitance  and  good  cyclicity. 

©  2012  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Energy  problems  have  undoubtedly  become  the  greatest  prob¬ 
lems  and  attracted  worldwide  attention  in  the  modern  society  [1,2]. 
Searching  for  new  materials  possessing  great  performances  in 
dealing  with  the  energy  conversion,  storage  and  usage  has  been 
proved  to  be  an  important  task  for  every  scientific  worker  [3,4]. 
Supercapacitor,  a  new  energy  storage  device,  has  many  advantages 
such  as  long  service  life,  great  power  density,  high  energy  density, 
green  environmental  protection  and  has  attracted  enormous 
research  interest  in  the  recent  years.  Active  materials  in  electrodes 
of  supercapacitors  have  great  effects  on  electrochemical  perfor¬ 
mance  and  capacity  of  energy  storage  devices  and  looking  for  new 
electrode  materials  has  become  a  key  issue  for  the  supercapacitor 
development.  Cobalt  oxide,  as  an  important  transition  metal  oxide, 
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has  great  application  potentials  in  many  fields  such  as  lithium-ion 
batteries  and  heterogeneous  catalysis  due  to  its  low-cost  and 
environmental  friendly  nature  [5].  Recently,  cobalt  oxide  has  been 
applied  in  supercapacitors  as  electrode  material  and  proved  to  be 
a  potential  alternate  to  expensive  RuCh,  which  are  used  broadly  as 
an  electrode  material  but  costs  too  high  to  be  accepted  [5-10]. 

Nanomaterials  with  hollow  structures  can  be  potentially  applied 
in  many  fields  because  of  the  unique  structure  could  provide  fast 
ion  and  electron  transfer,  large  reaction  surface  area  and  good 
strain  accommodation  [11].  The  specific  surface  area  of  the  active 
nanomaterials  in  electrode  would  have  great  influences  on  the 
capacitance,  which  makes  hollow  structures  might  have  great 
application  potentials  in  supercapacitor.  Until  now,  the  common 
used  synthesis  methods  for  hollow  structures  are  template-method 
and  water/oil/water  (W/O/W)  emulsion-system.  However,  the 
removal  of  template,  the  preparation  conditions  of  water/oil/water 
and  the  usage  of  precipitants  are  usually  troublesome  and  time- 
wasted  [12].  So,  it  is  very  necessary  for  materials  scientists  to 
look  for  a  simple  and  effective  method  to  synthesize  hollow- 
structures.  In  the  study  presented  here,  we  developed  a  simple 
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Fig.  1.  (a)  FESEM  and  (b)  TEM  images  of  the  precursor  prisms. 


and  convenient  approach  and  successfully  obtained  hollow  C03O4 
nanostructures  through  a  precursor  route  without  the  use  of  any 
surfactants  or  templates.  What  is  mentionable  is  that  the  precursor 
(Co5(OH)2(CH3COO)8  •  2H20)  was  easily  obtained  from  the  solution 
of  Co(CH3COO)2-4H20  in  ethanol  at  a  low  temperature  through 
a  re-crystallization  process.  The  precursor  is  uniform  one¬ 
dimensional  prisms  with  a  length  of  about  3  pm,  a  width  of 
300  nm  and  a  height  of  300  nm.  The  precursor  was  transferred  to 
Co304  structures  by  thermal  decomposition  and  unlike  the 
precursor,  the  obtained  Co304  structures  are  hollow  boxes,  which 
can  be  attributed  to  the  Kirkendall  effect.  The  resulting  hollow 
cobalt  oxide  boxes  were  found  to  exhibit  outstanding  super- 
capacitive  properties,  possessing  high  specific  capacitances  and 
excellent  cycle  stability. 

2.  Experimental 

All  chemicals  were  of  analytical  grade  and  used  as  received 
without  further  purification.  In  a  typical  synthesis,  0.8  g  of  cobalt 
acetate  tetrahydrate  (Co(CH3COO)2-4H20)  was  dissolved  in  500  mL 
of  cold  ethanol  and  kept  at  -5  °C  for  days.  The  precipitation  was 
collected  and  washed  with  ethanol  for  several  times  by  a  centrifu¬ 
gation-redispersion  process.  Then  the  final  product  was  dried  in  an 
oven  at  40  °C  for  4  h.  For  the  synthesis  of  Co304  structures,  the  as- 
prepared  precursor  was  heated  to  300  °C  with  a  ramping  rate  of 
1  °C  min-1  and  kept  for  10  min  in  the  air. 

2.1.  Characterizations 

Crystallographic  phases  of  all  the  products  were  investigated  by 
powder  X-ray  diffraction  (XRD)  on  Switzerland  ARL  X’TAR  with  Cu 
Ka  irradiation  (A  =  1.5406  A).  Morphologies  of  samples  were 
observed  by  field  emission  scanning  electron  microscopy  (SEM; 
Hitachi  S-4800),  and  transmission  electron  microscopy  (TEM;  JEM- 
2100)  with  selected  area  electron  diffraction  (SAED).  Thermal 
behaviors  of  samples  were  characterized  by  thermogravimetric 
analysis  (TGA;  a  NETZSCH  STA  449  F3  Jupiter  simultaneous  thermal 
analyzer)  at  a  heating  rate  of  5  °C  min-1  from  room  temperature  to 
600  °C  in  air. 

2.2.  Electrochemical  measurements 

In  the  electrochemical  experiments,  we  used  the  traditional 
three  electrode  system.  The  working  electrode  was  prepared  by 
mixing  80  wt%  of  electroactive  material  (Co304),  10  wt%  of  acety¬ 
lene  black,  and  10  wt%  of  polytetrafluoroethylene.  This  mixture  was 
then  pressed  onto  the  foamed  nickel  electrode  and  dried  at  60  °C 
for  12  h.  The  used  electrolyte  was  3%  KOH  aqueous  solution.  The 


capacitive  performance  of  the  samples  was  evaluated  on  a  CHI  660d 
electrochemical  workstation.  Cyclic  voltammetry  and  chro- 
nopotentiometry  were  tested  with  a  three-electrode  cell  where  Pt 
foil  serves  as  the  counter  electrode  and  a  standard  calomel  elec¬ 
trode  (SCE)  as  the  reference  electrode. 

3.  Results  and  discussion 

The  synthesis  involves  two  steps,  the  formation  of  the  precursor 
and  subsequent  thermal  conversion  to  Co304  under  controlled 
conditions.  The  precursor  was  prepared  by  dissolving  cobalt  acetate 
tetrahydrate  in  cold  ethanol  and  then  precipitated  from  the  solu¬ 
tion.  Fig.  la  shows  an  SEM  image  of  the  as-prepared  precursor.  It 
can  be  observed  that  it  consists  of  uniform  prisms  with  about  3  pm 
in  length,  300  nm  in  width  and  300  nm  in  height.  To  the  best  of  our 
knowledge,  this  type  of  Co-based  structure  has  not  been  reported 
before,  as  the  3D  architectures  demonstrated  previously  are 
generally  cubic  [13].  Fig.  lb  displays  a  TEM  image  of  the  precursor 
and  confirms  that  the  obtained  product  is  one-dimension  prisms 
with  uniform  sizes.  It  can  be  also  clearly  seen  that  they  are  solid  and 
do  not  have  hollow  structure.  The  phase  composition  of  the 
precursor  was  investigated  by  XRD.  Fig.  2a  shows  the  XRD  pattern 
of  the  obtained  precursor  while  Fig.  2b  displays  the  XRD  pattern  of 
cobalt  acetate  hydroxide  which  was  converted  from  ‘‘.cif’  file  from 
the  literature  [14]  using  MERCURY  software.  By  comparing  the  two 
XRD  patterns,  it  can  be  easily  deduced  that  the  obtained  precursor 
is  cobalt  acetate  hydroxide  Co5(OH)2(CH3COO)8-2H20.  The  cobalt 


20/degree 

Fig.  2.  XRD  patterns  of  (a)  the  as-prepared  precursor  and  (b)  Co5(OH)2(OOCCH3)8  •  2H20 
simulated  by  using  the  published  crystal  cif  file  through  Mercury  software. 
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Fig.  3.  3D  Crystal  cell  accumulation  figure  (a)  viewed  along  the  c-axis  and  (b)  viewed  after  a  small  spin. 


acetate  hydroxide  belongs  to  tetragonal  with  the  cell  length 
(i a  =  b  =  23.693  A,  c  =  11.565  A)  and  cell  angle  (a  =  (3  =  y  =  90°). 
Fig.  3a  presents  the  schematic  crystal  structure  of  Co5(OH)2(CH3_ 
C00)8-2H20  unit  cell  projected  along  the  c  axis  and  Fig.  3b  displays 
a  schematic  crystal  structure  of  Co5(OH)2(CH3COO)8-2H20  super 
cell  (0.5  x  0.5  x  6  slabs).  Based  on  the  crystal  structure,  we  could 
easily  deduce  that  the  compound  might  grow  along  c  axis  to 
become  a  prism  with  similar  width  and  height.  During  this  process, 
Co(CFl3COO)2-4FI20  was  first  dissolved  in  ethanol  and  formed 
a  pink  transparent  solution.  The  small  amount  of  crystallization 
water  from  Co(CH3COO)2-4FI20  would  make  Co(CFl3COO)2  hydro¬ 
lyze  slowly  in  ethanol  and  Co5(OH)2(CH3COO)8-2H20  would  re¬ 
crystallized  from  the  solution.  This  chemical  process  could  be 
described  as  the  follow  equation  and  the  formation  of  CFI3COOFI 
can  be  verified  by  the  acidity  increase  of  the  resulting  solution. 

5Co(CH3COO)2  +  4H20  ^  Co5  (OH)2  (CH3COO)8  •  2H20 
+  2CH3COOH 

Usually,  the  cobalt  compound  is  thermally  unstable  and 
decomposes  at  a  temperature  below  300  °C  to  convert  to  stable 
C03O4  in  the  air  [15,16].  Fig.  4  gives  the  TGA  curve  in  air  of  the 
precursor.  After  the  loss  of  H20  at  about  100  °C,  a  weight  loss 
begins  at  about  250  °C,  indicating  the  onset  of  oxidation.  Based  on 
the  TGA  data,  the  precursor  prisms  were  annealed  in  air  at  300  °C 
to  transfer  to  cobalt  oxide.  Fig.  5  presents  the  XRD  pattern  of  the 
product  obtained  by  annealing  the  precursor  at  300  °C.  It  can  be 
perfectly  indexed  to  cubic  spinel  C03O4  (JCPDS  card  no.  43-1003, 
space  group:  Fd3m  (227),  a  =  8.084  A),  indicating  that  the  as- 
synthesized  Co-based  precursor  prisms  have  been  completely 


converted  to  phase-pure  spinel  C03O4.  Fig.  6a  shows  the  SEM 
image  of  the  product  after  heat  treatment.  It  can  be  seen  that  the 
ID  prism  morphology  of  the  precursor  is  maintained  very  well. 
But  unlike  the  precursor,  these  ID  crystals  are  hollow  boxes, 
which  can  be  clearly  seen  as  there  are  holes  of  the  broken  ends. 
The  surface  of  the  boxes  is  very  rough,  suggesting  that  the  boxes 
might  be  composed  of  Co304  nanoparticles.  The  TEM  image 
shown  in  Fig.  6b  demonstrates  that  the  product  has  hollow  box¬ 
like  structure  with  uniform  length,  width  and  height  and  the 
C03O4  boxes  are  composed  of  nanoparticles,  which  leads  to  the 
polycrystalline  SAED  pattern  (Fig.  6b  right-up-inset).  The  crys¬ 
talline  nature  of  C03O4  boxes  was  confirmed  by  a  high-resolution 
HRTEM  image  (Fig.  6b  right-down-inset),  which  displays  clear 
lattices  of  C03O4  crystal.  Hollow  porous  structures  of  C03O4  were 
obtained  during  the  slow  heating  process,  which  might  be  an 
application  of  the  Kirkendall  effect  [11,17,18].  During  the  annealing 
process  in  air,  the  oxidation  of  C,  H,  and  Co  would  happen  firstly  at 
the  surface  of  the  precursor.  A  layer  of  C03O4  would  form  at  the 
surface  and  the  freshly  exposed  C,  H,  and  Co  would  move  to  the 
surface  to  react  with  oxygen  in  air.  Then  with  continuous  evacu¬ 
ation  of  the  core  Co5(OH)2(CH3COO)8-2H20  to  surface,  inner 
cavities  would  eventually  form  and  leads  to  the  formation  of  the 
hollow  C03O4  boxes. 

C03O4  has  been  extensively  researched  as  the  electrode  material 
for  lithium-ion  batteries  and  supercapacitors  [15,19,20].  In  this 
paper  we  studied  the  electrochemical  properties  of  obtained  Co304 
boxes  by  applying  it  as  the  active  material  for  supercapacitor 
electrode.  For  comparison,  the  electrochemical  properties  of 


Fig.  5.  XRD  pattern  of  the  C03O4  structures  by  calcining  the  precursor  at  300  °C. 
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Fig.  6.  (a)  SEM  and  (b)  TEM  images  of  Co304  boxes  obtained  by  calcining  the  precursor  prisms  (inset:  HRTEM  image  and  SAED  pattern). 


commercial  cobalt  oxide  were  also  studied.  The  measurements  are 
conducted  using  cyclic  voltammetry  (CV)  in  3%  KOH  electrolyte  with 
the  voltage  window  in  0-0.5  V  and  a  scanning  rate  of  5  mv  s-1.  The 
obtained  CV  curves  are  shown  in  Fig.  7a.  The  CV  curves  are  nearly 
symmetrical  and  display  two  pairs  of  redox  peaks.  The  broad  redox 
reaction  peaks  which  come  from  the  redox  processes  of  C03O4 / 
C0OOH/C0O2,  are  characters  of  the  electrochemical  pseudocapaci¬ 
tors  from  reversible  faradaic  redox  reactions  occurring  within  the 
electro-active  materials  [21,22].  The  area  under  the  CV  curve  for 
C03O4  boxes  is  apparently  much  larger  than  that  of  commercial 
C03O4,  which  indicates  that  C03O4  boxes  have  a  higher  specific 
capacitance  than  commercial  C03O4.  This  is  reasonable  since  the 
unique  structure  of  C03O4  could  provide  fast  ion  and  electron 
transfer  and  large  reaction  surface  area,  benefiting  for  the 


electrochemical  performance.  Chronopotentiometry  measure¬ 
ments  confirm  the  suggestions.  Fig.  7b  shows  charge-discharging 
curves  of  C03O4  boxes  and  commercial  C03O4  powders  obtained  in 
potential  range  of  0-0.5  V  in  3%  KOH  at  a  charging— discharging 
current  of  0.5  A  g-1.  The  shapes  of  the  charge-discharge  curves  do 
not  show  the  characteristics  of  pure  double-layer  capacitor,  but 
mainly  pseudo-capacitance  [10],  which  are  in  agreement  with  the 
result  of  the  CV  curves.  Both  samples  present  two  variation  ranges 
during  the  charge  and  discharge  steps.  The  sloped  curve  in  0.32- 
0.5  V  is  characteristic  of  typical  pseudocapacitance,  originating 
from  electrochemical  adsorption-desorption  or  a  redox  reaction  on 
the  electrode/electrolyte  interface.  From  the  sloped  curve  at  the 
discharge  current  of  0.5  A  g-1,  the  specific  capacitances  of  C03O4 
boxes  and  commercial  Co304  powders  are  calculated  to  be  278  F  g_1 


Fig.  7.  (a)  CV  curves  of  the  C03O4  boxes  and  commercial  Co304  in  the  potential  region  of  0.1 -0.5  V  at  a  scanning  rate  of  5  mv  s-1;  (b)  Charge-discharge  curves  of  Co304  boxes  and 
commercial  Co304  at  current  density  of  0.5  A  g-1  (c)  Charge-discharge  curves  of  the  C03O4  boxes  at  different  current  densities  of  0.5, 1,  2,  and  5  A  g-1;  (d)  Cycling  performances  of 
C03O4  boxes  and  commercial  Co304  at  current  density  of  2  A  g-1. 
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and  77  F  g-1,  respectively.  The  specific  capacitance  of  C03O4  boxes  is 
much  larger  than  that  of  commercial  C03O4  powders,  confirming  the 
suggestion  rising  from  the  CV  curves.  When  the  discharge  current 
density  is  0.5, 1,  2  and  5  A  g  \  the  specific  capacitance  values  of  the 
C03O4  boxes  can  be  calculated  from  the  discharge  curves  to  be 
278  F  g_1, 216  F  g_1, 198  F  g-1  and  176  F  g-1,  which  can  be  calculated 
from  Fig.  7c,  respectively.  Although  there  are  some  reports  showing 
much  higher  specific  capacitances  for  C03O4,  as  mentioned  in  the 
introduction,  specific  surface  area  of  the  active  nanomaterials  in 
electrode  would  have  great  influence  on  the  capacitance.  Brunauer— 
Emmett-Teller  (BET)  gas-sorption  measurements  of  the  C03O4 
boxes  were  performed.  Based  on  the  BET  gas-sorption  measure¬ 
ment,  the  BET  specific  surface  area  of  the  obtained  C03O4  nanoboxes 
is  31.07  m3  g_1,  much  smaller  than  that  of  mesoporous  aerogels 
C03O4  solid  square  (235  m2  g-1),  which  shows  a  high  specific 
capacitance  of  623  F  g^1  [5].  However,  with  the  similar  specific 
surface  area,  the  obtained  C03O4  nanoboxes  show  a  higher  capaci¬ 
tance  than  hexagonal  Co304  nanosheets  [10],  which  may  be  due  to 
the  hollow  structure. 

As  a  long  cycle  life  is  very  important  for  supercapacitors,  the 
cycle  charge/discharge  test  has  also  been  employed  to  examine  the 
service  life  of  the  C03O4  boxes.  Fig.  7d  shows  the  variation  of 
specific  capacitance  with  cycle  number  at  2  A  g  1  and  reveals  that 
the  C03O4  boxes  electrode  has  good  cycle  properties  as  an  excellent 
electrode  material  for  electrochemical  capacitors  and  the  specific 
capacitance  even  grow  a  little  larger  in  the  first  500  cycles,  which 
might  be  due  to  an  electrochemical  activation  phenomenon  [23]. 
Clearly,  Co304  box  electrode  holds  better  electrochemical  capaci¬ 
tance  performances  than  the  commercial  C03O4  electrode.  The  high 
porosity  structure  of  C03O4  boxes  minimizes  both  the  ionic  and 
electronic  transportation  distances  in  the  Co  oxide  and  thus 
improves  the  electrode  kinetic  performance,  which  is  a  crucial 
concern  for  high-power  supercapacitor  applications. 

4.  Conclusions 

In  summary,  we  have  successfully  demonstrated  a  simple 
fabrication  route  for  ID  C03O4  hollow  structure  via  a  controlled 
thermolysis  of  the  precursor.  The  1 D  precursor  was  easily  obtained 
through  a  re-crystallization  process  from  Co(CH3COO)2  ethanol 
solution  at  low  temperature  and  transferred  to  Co304  boxes  by 
Kirkendall  effect.  Our  findings  would  provide  a  deeper  under¬ 
standing  of  the  concept  and  application  of  the  Kirkendall  effect  as 
a  straightforward  processing  protocol  for  hollow  structure.  This 


approach  enables  the  promising  prospect  that  a  variety  of  organ- 
ometallic  coordination  compound  precursors  will  be  accessible  for 
widespread  applications  of  Kirkendall  effect  to  get  hollow  struc¬ 
ture.  The  electrochemical  measurements  reveal  that  the  C03O4 
boxes  manifest  promising  pseudo-capacitive  properties  with  high 
capacitance  and  good  cyclicity.  We  believe  that  these  active  Co304 
materials  with  distinct  structures  could  serve  as  promising  candi¬ 
dates  in  other  applications,  such  as  catalysis  and  lithium-ion 
batteries. 
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